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We have investigated the blood cell types present in Drosophila at postembryonic stages and have analysed their
modifications during development and under immune conditions. The anterior lobes of the larval hematopoietic organ or
lymph gland contain numerous active secretory cells, plasmatocytes, few crystal cells, and a number of undifferentiated
prohemocytes. The posterior lobes contain essentially prohemocytes. The blood cell population in larval hemolymph differs
and consists mainly of plasmatocytes which are phagocytes, and of a low percentage of crystal cells which reportedly play
a role in humoral melanisation. We show that the cells in the lymph gland can differentiate into a given blood cell lineage
when solicited. Under normal nonimmune conditions, we observe a massive differentiation into active macrophages at the
onset of metamorphosis in all lobes. Simultaneously, circulating plasmatocytes modify their adhesion and phagocytic
properties to become pupal macrophages. All phagocytic cells participate in metamorphosis by ingesting doomed larval
tissues. The most dramatic effect on larval hematopoiesis was observed following infestation by a parasitoid wasp. Cells
within all lymph gland lobes, including prohemocytes from posterior lobes, massively differentiate into a new cell type
specifically devoted to encapsulation, the lamellocyte. © 2001 Academic Press
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Insects are extremely resistant to infection thanks to an
efficient host defense which shares a number of character-
istics with mammalian innate immunity. In Drosophila, a
model system used to investigate the mechanisms of innate
immunity, host defense is based on three facets: (i) the
rapid induction of proteolytic cascades that result in mela-
nisation, coagulation, and production of signaling mol-
ecules; (ii) a humoral response by the fat body which
produces a cocktail of antimicrobial peptides that are re-
leased into the circulation; and (iii) a cellular response
including phagocytosis and encapsulation (reviewed by
Hoffmann et al., 1999). We have shown that blood cells
(hemocytes) play a significant role in the protection of
Drosophila against infection/septic injury (Braun et al.,
1998). However, despite the importance of the cellular
response in immune reactions, this facet has not been
explored extensively.
Drosophila hematopoiesis occurs in two major phases. A
rst population of blood cells appears during embryogenesis
n the anterior mesoderm, and these cells rapidly colonize
1 To whom correspondence should be addressed. Fax: (33) 388 60
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All rights of reproduction in any form reserved.he whole embryo where they are responsible for the
hagocytosis of apoptotic cells (Hartenstein and Jan, 1992;
epass et al., 1994; Franc et al., 1996, 1999). A subpopula-
ion of the early hemocyte pool, located around the anterior
ortion of the gut, differentiates into crystal cells (Lebestky
t al., 2000; see below). Toward the end of embryogenesis,
he larval hematopoietic organ, also of mesodermal origin,
ifferentiates along the anterior portion of the dorsal vessel
Rugendorff et al., 1994). This organ is composed, in third
nstar larvae, of four to six paired lobes that are called the
ymph glands. It has been proposed that the lymph glands
roduce the hemocytes found in circulation during the
arval stage (Bairati, 1964; Rizki, 1978, 1980a; Rizki and
izki, 1984; Shrestha and Gateff, 1982). In pupae this organ
isappears, and as a hematopoietic organ has not been found
t later stages, it is commonly believed that the blood cells
ound in adult Drosophila derive from the larval hemato-
oietic organs.
Rizki and Rizki (1978, 1980a,1984) described three major
ell types in Drosophila larvae: (i) plasmatocytes, which are
small rounded cells with phagocytic capacity; (ii) crystal
cells, proposed to contain the substrate and the enzymes
necessary for the melanisation cascade that is activated
upon wounding or during encapsulation (Rizki et al.,
1980b); and (iii) lamellocytes, large flat cells which differ-
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244 Lanot et al.entiate directly from plasmatocytes during encapsulation,
as well as at metamorphosis.
Despite a renewed interest in Drosophila larval hemato-
oiesis and in the molecular mechanisms underlying blood
ell proliferation and differentiation, our knowledge of
ostembryonic hematopoiesis in this model system is still
ery fragmentary. If the circulating hemocyte population is
elatively well defined in larvae, it is not clear whether it is
imilar to that found in the hematopoietic organ. We do not
now if all circulating hemocytes originate from the latter
r if they can be produced outside the lymph gland. We
sked whether all lobes contain the same blood cell types
nd how these populations are affected during metamor-
hosis or following an immune challenge. We also investi-
ated the differentiation of lamellocytes, a hemocyte type
pecifically involved in the formation of melanotic cap-
ules. As mentioned above, it has been reported that plas-
atocytes differentiate into lamellocytes at metamorpho-
is, yet it is not understood what the role of lamellocytes
ight be at this developmental stage. We confirm that
here are three cell types in circulation: plasmatocytes,
rystal cells, and prohemocytes all of which are found in the
arval lymph gland. We show that the hematopoietic organ
xhibits functional differences between the anterior and
osterior lobes. The anterior lobes contain in addition to
he three circulating cell types a secretory cell type which is
ot found in circulation while posterior lobes contain
ainly prohemocytes. These are necessary to produce dif-
erentiated hemocytes at metamorphosis or under specific
mmune conditions. Finally, we discovered a segmentally
istributed sessile blood cell compartment which had not
reviously been described in Drosophila.
MATERIALS AND METHODS
Insects. Oregon flies were used as the wild-type Drosophila
strain, and a y stock was used for the observation of adult
emocytes through the integument. The l(3)06946 line carries a
-lacW transposon which expresses lacZ in lamellocytes (Braun et
l., 1997). Leptopilina boulardi parasitoid wasps (Eucoilidae) were
eared at room temperature on second instar larvae of the Oregon
train (Kopelman and Chabora, 1984; Carton and Nappi, 1991). The
oll10b (Schneider et al., 1991), cactA2 and cactD13 (Roth et al., 1991),
opTum-l (Luo et al., 1995; Harrison et al., 1995), and Black cells (Bc,
Rizki et al., 1980b) mutations have been described elsewhere.
Experiments and crosses were performed at 25°C.
Hemocyte counts. Circulating hemocytes were obtained by
ripping open the larvae or white pupae at the level of the posterior
segment. As much hemolymph as possible was recovered on a
coverslip, dried and fixed for 5 min in 4% glutaraldehyde in 0.1 M
sodium phosphate buffer (pH 7.3), mounted with glycerol gelatin,
then observed by interference phase contrast microscopy. All
hemocytes were counted and expressed per animal-equivalent.
Although this procedure underestimates hemocyte numbers, as all
of the hemolymph cannot be recovered, it has the advantage that it
does not require an estimate of hemolymph volume and indeed
yields values that are reproducible. Crystal cells were visualised by
Copyright © 2001 by Academic Press. All rightheating larvae, pupae, or flies at 70°C for 10 min in a water bath
(Rizki et al., 1980b).
Sessile hemocytes were counted on dissected whole larval and
pupal carcasses (cuticle, integument, and muscle) after Carnoy’s
fixation and staining in 1% toluidine/0.1% eosin aqueous solution.
All hemocytes were numerated on the inner side, on epidermis and
muscle, at a 400-fold magnification.
Lymph glands were dissected attached to the dorsal vessel. They
were deposited on a glass slide in a droplet of PBS, lacerated with
thin tungsten needles, then fixed and mounted as described for
circulating hemocytes. The coverslip was pressed onto the prepa-
ration to ensure spreading of the lymph gland cells. The cells from
all lobes were counted using interference phase contrast micros-
copy.
In vitro hemocyte observations. Modifications of blood cell
adhesion were observed in vitro by adding the hemolymph of one
larva to 2 ml of Schneider’s medium in a well of a Teflon-coated
glass slide. The well was covered with a round coverslip and the
cells observed for several hours by interference phase contrast
microscopy.
Transmission electron microscopy. Dissected lymph glands
and hemocyte pellets were fixed in 4% glutaraldehyde in 0.1 M
sodium phosphate buffer (pH 7.3) for 1 h at 4°C, postfixed with
osmium tetroxide, embedded in araldite/epon, sectioned for elec-
tron microscopy, and counterstained with lead citrate and uranyl
acetate.
Immunohistochemistry. For anti-peroxidasin staining, lymph
glands were dissected in PBS and either fixed in situ, or dilacerated
on a glass slide. Hemolymph was collected on a glass slide; glass
slide preparations were allowed to air-dry for 5–10 min. Fixation
was performed for 5 min in 4% formaldehyde/0.5% glutaraldehyde
in PBS, followed by several washes in PBS; then samples were
blocked for 2 h in 0.2% Tween-20/3% bovine serum albumin in
PBS, and finally incubated overnight in primary antibody. The
primary antibody was mouse anti-peroxidasin polyserum diluted
1:1000 (gift from Liselotte Fessler). For anti-phosphohistone H3
staining, tissues were fixed for 20 min in 3.7% formaldehyde in
PBS, washed, blocked in 3% bovine serum albumin, and incubated
overnight in 5 mg/ml of rabbit anti-phosphohistone H3 antibody
(Upstate Biotechnology). Secondary antibodies were horseradish
peroxidase-coupled donkey anti-mouse antibody (Jackson Immu-
noresearch Laboratories) or goat anti-rabbit IgG (Sigma). Staining
was detected with the DAB (Boehringer) substrate.
Experimental procedures for immune challenges. Indian ink
(Pe´be´o, Gemenos, France) or bacteria (5 3 105 E. coli/animal) were
injected with a Nanoject injector (Drummond). Human hairs with
a thin diameter were treated with ether to remove grease and sliced
diagonally in fragments of approximately 0.4 mm length, which
were then introduced laterally through the cuticle into larvae or
adults. L. boulardi egg-laying was allowed on Drosophila late
second instar larvae, and the subsequent observations were gener-
ally performed during the third instar, on larvae that were infested
by more than one egg.
Ecdysone treatment. Midthird instar larvae were injected with
45 nl of a 1026 M 20-hydroxyecdysone (Simes, Milano) in PBS
olution and sacrificed 5 h later for hemocyte observation.
RESULTS
In the present study, we have analyzed three blood cell
compartments which we defined in Drosophila larvae: (i)
s of reproduction in any form reserved.
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vessel; (ii) the circulating hemocytes; and (iii) the islets of
sessile hemocytes that are nested directly under the integu-
ment. The three compartments were investigated at differ-
ent developmental stages under normal conditions, and
following immune challenges.
Hemocyte Counts in Drosophila Larvae and White
Prepupae
We estimated the total number of hemocytes per animal
at larval stages and in white prepupae, in the lymph glands,
in sessile cell pools, and in circulation (Fig. 1A). In first
instar larvae, the total number of blood cells in all three
compartments is inferior to 200 per animal, which is
significantly lower than the macrophage number observed
at the end of embryonic development (Tepass et al., 1994).
It is not known whether the embryonic macrophages even-
tually undergo apoptosis or whether part of the population
participates in larval hemocyte production. In larvae the
number of blood cells increases progressively and reaches,
at the time of pupariation, a total of .5000 per animal. The
number of circulating hemocytes, low in midthird instar
larvae, increases by a factor of 6 up to the onset of meta-
morphosis. Sessile hemocytes are the major blood cell pool
until the second larval instar, and their number still in-
creases up to pupariation. Conversely, the blood cell con-
tent of lymph glands, which increases until the wandering
stage, drops shortly before pupariation.
Heat treatment of Drosophila allowed us to count mature
crystal cells in all three compartments. We observed that
during the third larval instar, the crystal cell population
slowly increases and reaches a maximum of ca. 80 cells/
animal during the wandering stage (which corresponds to
ca. 2% of hemocyte total population). Thereafter, the num-
ber of crystal cells rapidly drops and in white prepupae there
are less than 10 cells/animal (Fig. 1B). In pupae and in
adults, this cell type is no longer present.
To determine if cell proliferation could occur in all three
compartments, we analysed mitosis in midthird instar
larvae and during wandering stage by the antiphospho-
histone H3 mitosis marker (not shown). We found that
1–2% of blood cells were marked in all lymph gland lobes,
in circulation, and in sessile islets, which indicates that cell
division indeed takes place in all three compartments. The
values are in keeping with previously published data (Rizki,
1957; Qiu et al., 1998).
Evolution of the Lymph Glands in Drosophila
Larvae
Each lymph gland lobe is identified by its position on the
dorsal vessel relative to the pericardial cells that separate
the lobes. The number of lobe pairs varies greatly between
individuals and depends on temperature.
Transmission electron microscopy (TEM) was applied to
establish the ultrastructural features of the different blood t
Copyright © 2001 by Academic Press. All rightell types during larval development. TEM observation of
ymph glands shows that the various lobes are surrounded
y a continuous layer of thick basementlike material. We
id not observe the presence of a cell layer surrounding the
lands, which is in contrast to the hematopoietic organs in
FIG. 1. Hemocyte counts in Drosophila larvae. (A) All hemocytes
were counted in the lymph glands, in circulation, and in the sessile
islets at various developmental stages: first larval instar (L1, n 5
4–14), second larval instar (L2, n 5 5–17), at midthird larval instar
(mid L3, n 5 4–16), at the beginning (n 5 5–15), and the end (n 5
4–14) of the wandering stage, and at puparium formation (white
pupa, n 5 6–12). The circulating hemocytes were counted on a
separate pool of animals as it was not possible, using the same
individual, to both bleed out hemolymph, and fix and stain whole
body for lymph glands and sessile hemocytes. (B) The total number
of crystal cells present per individual (n 5 11 to 25) was counted
after a 10-min treatment at 70°C, which results in blackening of
these cells. The developmental stages of the third larval instar are
as determined for stocks maintained at 25°C on standard medium.
Under these conditions the second to third instar moult occurs at
72 h and pupariation at 120 h after egg laying (AEL).he cricket Grillus (Hoffmann et al., 1979). The lobes
s of reproduction in any form reserved.
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246 Lanot et al.contain different hemocyte types that are often arranged in
clusters. The first lymph gland lobes from second instar
larvae contain essentially undifferentiated cells which we
refer to as prohemocytes or blast cells. Prohemocytes are
studded with free ribosomes and generally contain lipid
droplets but otherwise exhibit few cytoplasmic inclusions.
They measure 4–6 mm in diameter, have a high nucleoplas-
mic ratio, and are occasionally seen grouped in clusters
FIG. 2. Transmission electron micrographs of the cell types foun
(A) Cluster of undifferentiated blast cells which are probably of iso
droplet. (B) Secretory cells (arrows) with typical enlarged rough endo
Note the presence of a crystal cell to the left, with crystalline incl
only structure that isolates the lymph gland cells from the hemocoe
(arrows). The neighboring cell has the characteristics of an imma
between the cells. (D) Cell released from the lymph gland throughsurrounded by a whirl of basement material. They persist in t
Copyright © 2001 by Academic Press. All righthe third instar first lymph gland lobes (Fig. 2A). The first
obes contain numerous cells which are remarkable by their
ichness in enlarged cisternae of the rough endoplasmic
eticulum (RER), filled with electron-dense material (Fig.
B). These cells also contain numerous Golgi vesicles. We
ill refer to these 5–8 mm large cells as secretory cells. The
resence of cells with similar secretory characteristics has
lso been reported in the hematopoietic tissues of or-
he first lobes of wandering stage third instar larvae lymph glands.
c origin. They exhibit very few features of differentiation. ld: lipid
ic reticulum indicative of abundant protein synthesis and storage.
s in the cytoplasm (ci). The basal lamina (bl) on this figure is the
) Plasmatocyte containing phagosomes with heterophagic activity
plasmatocyte (pl). Note the accumulation of basement material
basal lamina (arrows). lg: lymph gland. Bars: 1 mm.d in t
geni
plasm
usion
le. (C
turehopteran insects (Hoffmann et al., 1979). In mid-third
s of reproduction in any form reserved.
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the periphery of the glands. During the third instar, a
population of plasmatocytes (phagocytes, see below) at
various levels of differentiation appear in the first lobes. A
fourth blood cell population (,5%) consists of crystal cells
at various stages of development with typical crystalline
inclusions devoid of a surrounding membrane (Fig. 2B; see
Shrestha and Gateff, 1982). It is important to specify that
until the end of the wandering stage, posterior lobes contain
only prohemocytes.
During the wandering stage, phagocytes become more
abundant. Characteristic of such cells is the presence of
numerous lysosomes and resorption bodies, as well as
phagocytic vacuoles which occasionally contain engulfed
apoptotic neighboring cells (Fig. 2C). Cell phagocytosis
within first lobes becomes more and more frequent when
larvae approach the onset of metamorphosis. Phagocytes
leave the hematopoietic organ simply by crossing the base-
ment envelope (Fig. 2D). We never observed the presence of
desmosomes or septate junctions between adjacent hemo-
cytes in the lymph glands.
The presence in the lymph glands of cells with features of
strong secretory activity suggest that they are in a process of
protein synthesis within the hematopoietic organ. We
wanted to gain information on the proteins they produce. It
has been established that blood cells in Drosophila actively
participate in the synthesis of extracellular matrix at all
stages of development (review in Fessler et al., 1994). In situ
hybridization experiments had shown (Le Parco et al., 1986)
that the collagen Dcg1 gene is expressed in third instar
larvae lymph glands. We used an antibody raised against
peroxidasin that is specifically produced by macrophages at
the embryonic stage for immunostaining. Peroxidasin com-
bines both peroxidase and extracellular matrix motifs and
was proposed to participate in extracellular matrix consoli-
dation and in defense mechanisms (Nelsson et al., 1994).
Immunohistochemical staining of whole-mount lymph
glands from wandering stage larvae showed that it is pro-
duced in the first lobes of the hematopoietic organ (not
shown). The posterior lobes did not stain significantly. We
then performed immunohistochemistry on dilacerated
lymph glands and on circulating blood cells (Figs. 3A and
3B). Only a subpopulation of lymph gland cells stained, and
in circulation, no hemocytes were labeled. As purely secre-
tory cells are never found in circulation (see below), we
propose that peroxidase-positive cells in the lymph gland
correspond to the secretory cells, although we cannot
rigorously demonstrate it. Indeed, we tried immunocyto-
chemistry on ultrathin sections by immunogold labeling,
unfortunately the antigene did not resist the treatment for
electron microscopy. Thus the first lobes of the larval
lymph gland massively synthesize proteins such as collagen
and peroxidasin, which are either extracellular matrix or
defense molecules.
In this study we thus identified four cell types in larval
lymph glands: undifferentiated prohemocytes, secretory
cells, crystal cells, and plasmatocytes. Interestingly, we did
Copyright © 2001 by Academic Press. All rightnot observe, under normal nonimmune conditions, cells in
the larval and prepupal lymph glands that correspond to the
lamellocyte cell type (see below).
Circulating and Sessile Hemocytes in Larvae
We observed two major cell types in circulation at all
stages: plasmatocytes and crystal cells, which, as previously
published, represented ca. 90% (plasmatocytes) and ,5%
(crystal cells) of total blood cells in third instar larvae
(Rizki, 1957; Rizki and Rizki, 1984). The characteristics of
the circulating plasmatocytes are identical to those of the
phagocytic cells within the lymph glands (not shown,
Shrestha and Gateff, 1982). We did not find purely secretory
cells in circulation and seldom observed lamellocytes. We
consistently found a small proportion (#1%) of undifferen-
tiated cells comparable to the lymph gland blast cells.
We found that at least a third of the blood cells are not in
circulation but are attached to the integument. We refer to
them as sessile hemocytes. Sessile hemocyte islets are
segmentally distributed (Fig. 4A, insert) and often located in
the neighborhood of oenocytes or along the posterior region
of the dorsal vessel. To be able to dissect out sessile islets
for TEM analysis, we injected Indian ink into the larval
hemocoele, and 2 h later they were easily identified due to
the uptake of black ink particles by plasmatocytes. Sessile
hemocytes are grouped in densely packed clusters in direct
contact with the epidermal layer (Fig. 4A). They contain
plasmatocytes and crystal cells. Cells are linked through
intricate interdigitations, but we did not observe desmo-
somes or septate junctions between hemocytes. As was the
case for circulating blood cells, electron microscopy analy-
sis did not provide evidence for typical secretory cells in
sessile islets, and undifferentiated blast cells were rare.
Only plasmatocytes were shown to take up Indian ink in
these experiments.
In an experiment designed to identify the cell type that
divides in circulation and in sessile islets, we injected
larvae with Indian ink, and 2 h later dissected them for
phosphohistone H3 staining. We found that the cells in
division generally contained no or low amounts of ingested
ink particles (Fig. 3C), indicating that either they corre-
spond to still undifferentiated cells, or that their phagocytic
activity is reduced during mitosis. Crystal cells were never
stained in these experiments.
Hemocytes and Hematopoiesis during Pupariation
We dissected lymph glands from pupae at various times
after pupariation. At 5 h the blood cell content of the first
lobes has significantly decreased (data not shown). At 12 h,
they are almost empty while the second lobes release their
hemocytes. At 15 h, all lymph gland lobes are empty and at
later stages they have disappeared. TEM analysis (Figs. 5A
and 5B) showed that the shrinking lymph glands contain
large amounts of basement material which had previously
surrounded clusters of blood cells. In the first hours of pupal
s of reproduction in any form reserved.
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248 Lanot et al.life, the majority of lymph gland cells are phagocytes. In the
first lobes, some of these cells have become very large as
they have engulfed several (up to 10) neighboring secretory
cells (Fig. 5A) in which abundant RER can still be recog-
nized. They also take up the basement membranes that
accumulate in the empty lobes (Fig. 5B).
Outside the lymph glands, we found abundant macro-
phages derived from plasmatocytes that are engaged in
intensive phagocytosis of histolysing larval tissue, and
particularly muscle cells (Fig. 5C). Crystal cells are rare and
lamellocytes could seldom be identified at this stage, either
by direct observation or through the use of the l(3)06946
lamellocyte marker (see below).
In a straightforward experiment, we deposited droplets of
hemolymph from midthird instar larvae, wandering stage
larvae, larvae just prior to pupariation (i.e., at the end of
wandering stage, when the mobility is reduced), or white
FIG. 3. (A, B) Peroxidasin expression in dilacerated lymph glands
in a subpopulation of the lymph gland cells. Bars: 10 mm. (C) Cell
ndian ink 2 h before dissection, which labeled the plasmatocytes. M
ells that stained for phosphohistone H3 did not contain ink part
injected Indian ink and 2 h later ink particles had accumulated in m
shown under abdominal cuticle (D) and in a haltere (E). Bars:10 mmprepupae, in a culture dish containing Schneider’s medium. p
Copyright © 2001 by Academic Press. All righthase contrast observation of the cell cultures showed that
lasmatocytes from the larval stages remained rounded
hen they settled on the substrate (Fig. 5D), whereas
amples from individuals close to pupariation behaved
ifferently. Ten minutes after the blood cells were depos-
ted in the culture medium, the round plasmatocytes had
attened by developing membranous extensions (Fig. 5E).
he aspect of these cells is similar to that of the so-called
odocytes which were assumed to be intermediate forms
etween plasmato- and lamellocytes (Shrestha and Gateff,
982; Rizki and Rizki, 1984). The ultrastructural character-
stics of these flattened cells were, however, identical to
hose of typical plasmatocytes, as they contain numerous
ysosomes and heterogeneous resorptive bodies in the cyto-
lasm around the nucleus (data not shown), in contrast to
enuine lamellocytes which contain few organelles (Fig.
B). This indicates that the flattened cells are actually
d in circulating hemocytes (B). Expression is observed exclusively
sion in circulating larval hemocytes. The larva was injected with
is was visualized by anti-phosphohistone H3 staining (arrow). The
. Bar: 10 mm. (D, E) Hemocytes in adult Drosophila. y flies were
phages which were easily monitored through the cuticle. They are
(D), 50 mm for (E).(A) an
divi
itos
icles
acrolasmatocytes with modified adhesion capacity.
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249Postembryonic Hematopoiesis in DrosophilaAt the end of the third larval instar, a high ecdysone peak
triggers pupariation (review in Thummel, 1996). To test
FIG. 4. Transmission electron micrographs of blood cells in sessile
ith epidermis. The third instar larva in this experiment was inject
hagocytosed ink particles in the cells (arrows). In this section,
djacent cells. cu, cuticle; ep, epidermal cell. Bar: 1 mm. Insert: segm
after Indian ink injection. Arrows, segment limits; dotted line, me
Note the significant difference in size, and the relative paucity
plasmatocyte. An accumulation of polyribosomes is generally obsewhether the change in plasmatocyte properties results from h
Copyright © 2001 by Academic Press. All rightn increase in ecdysone titers, we injected hormone into
idthird instar larvae. Five hours later, the plasmatocytes
s and in circulation. (A) Plasmatocytes clustered directly in contact
ith Indian ink 2 h before dissection, thus the presence of numerous
lls are plasmatocytes. Desmosomes are never observed between
l distribution of sessile cells (sc) in a third instar larva, as evidenced
rsal line. (B) Plasmatocyte (pl) and lamellocyte (la) in circulation.
toplasmic organelles in the lamellocyte when compared to the
in lamellocytes. Bar: 1 mm.islet
ed w
all ce
enta
diodo
in cyad indeed undergone a change in adhesion properties as
s of reproduction in any form reserved.
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250 Lanot et al.they produced veil-like extensions on the substrate identi-
cal to those seen in prepupal stage plasmatocytes (Fig. 5F).
Adult Hemocytes
Adult hemocytes can be visualized in situ after injection
of Indian ink (Figs. 3D and 3E): they are especially conspicu-
ous in the legs and halteres where they tend to accumulate.
Light microscopy indicates that they correspond to phago-
cytic plasmatocytes. Crystal cells are absent, and lamello-
cytes are never seen at this stage, even after stimuli which
in larvae induce their differentiation (see below). We did not
FIG. 5. The hematopoietic tissue and hemocytes at metamorp
macrophage which has engulfed several neighboring secretory cells
emptying lobe (B), and of a macrophage which takes up large fragme
muscular tissue. Bars: 2 mm for (A), 1 mm for (B, C). (D–G) Phase
Plasmatocytes were withdrawn from a prewandering stage third ins
injection into a midthird instar larva (F). A lamellocyte (G) is showfind a hematopoietic organ in adults, and by histone H3
Copyright © 2001 by Academic Press. All righttaining we were not able to detect blood cell mitosis in
ies. In addition, we did not observe groups of hemocytes
omparable to larval sessile islets.
The total number of hemocytes in adults is very difficult
o assess, but it probably ranges between 1000 and 2000
ells/individual.
Injection of Bacteria and Graft of a Foreign Object
We first analyzed the effect of two immune challenges on
blood cells: injury combined with bacterial infection, and
graft of a large element recognized as nonself. We injected
s. (A–C) Transmission electron micrographs of a plasmatocyte/
in the lymph gland (A), of basement material accumulation in an
f larval muscular tissue in the pupa (C). m, phagosome containing
tomicrographs of hemocytes maintained in Schneider’s medium.
rva (D), from a white prepupa (E), or 5 h after 20-hydroxyecdysone
the comparison. Arrows: cytoplasmic veil formations. Bar:10 mm.hosi
with
nts o
pho
tar labacteria (E. coli) into the hemocoele of third instar larvae
s of reproduction in any form reserved.
251Postembryonic Hematopoiesis in Drosophilaand followed their fate. Phagocytosis occurred exclusively
in plasmatocytes, as previously reported (Rizki and Rizki,
1980a, Brehe´lin, 1982; Braun et al., 1998), and we never saw
bacteria within crystal cells. Surprisingly, even when we
injected a large number of bacteria, they were never found
in lymph gland phagocytes, which indicates that these
microorganisms are not capable of crossing the basement
envelope surrounding the organ.
This treatment did not have a significant effect on hemo-
cyte numbers, yet occasionally induced the differentiation
of sparse lamellocytes, large flat cells with a plasma mem-
brane that often presents microridges (Fig. 5G). Lamello-
cytes are characterized by a clear cytoplasm containing few
classical organelles, except for abundant free ribosomes
(Fig. 4B). This is also true in the cytoplasmic region proxi-
mal to the nucleus and distinguishes the lamellocyte from
spreading plasmatocytes present at the early pupal stage.
Lamellocytes did not phagocytose bacteria or Indian ink in
our experiments.
We found that an efficient method to induce the differ-
entiation of lamellocytes was the introduction into the
larval hemocoele of a foreign object large enough to escape
phagocytosis, and which is rapidly encapsulated. Thus we
introduced 0.4-mm-long sections of human hair into third
instar larvae and observed 24 h later that lamellocytes were
abundant in the circulation and formed a layer surrounding
the hair (not shown). The same operation in adults yielded
totally different results: the hairs remained untouched in
the hemocoele and no lamellocytes appeared.
Encapsulation of Parasitoid Eggs
In order to analyse lamellocyte differentiation further we
decided to study a natural immune challenge frequently
encountered by Drosophila in the wild. When parasitoid
wasps lay eggs in Drosophila larvae, these eggs are encap-
sulated by lamellocytes.
Leptopilina boulardi is a wasp which infests Drosophila
melanogaster (Kopelman and Chabora, 1984; Carton and
Nappi, 1991). Wasp eggs are deposited in second instar
larvae and, in resistant fly strains, the parasitoid egg is
rapidly neutralized by the following sequence of events
(Russo et al., 1996): in the first hours plasmatocytes attach
to the surface, and thereafter the egg is surrounded by
successive layers of lamellocytes that rapidly develop sep-
tate junctions between adjacent cells. The accumulation of
lamellocytes is accompanied by the extreme flattening of
the different cell layers and blackening of the capsule. The
black dead capsule is still found in the adult where it
persists in the hemocoele.
A key feature in this resistance is the appearance in the
hemolymph of lamellocytes. It has been repeatedly pro-
posed that lamellocytes differentiate in circulation from
plasmatocytes (Rizki, 1957, 1962; Rizki and Rizki, 1984;
Shrestha and Gateff, 1982). Using the lamellocyte marker
line l(3)06946 (Braun et al., 1997; Figs. 6A–6E), we analysed
larvae that were infested by more than one wasp egg, in
Copyright © 2001 by Academic Press. All rightorder to ensure a strong cellular response. A time-course
analysis of the events occurring after wasp oviposition into
early third instar larvae showed that circulating lamello-
cytes can be detected after approximately 10 h (Fig. 6A). By
this time the size of the lymph gland lobes posterior to the
first lobes have increased significantly; the first lobes are
massively releasing their blood cells, and lamellocyte-
specific lacZ staining appears both in the first and the
second lobes (Figs. 6D and 6E). By 24 h the first lobes, which
produced numerous lamellocytes, are almost empty (Fig.
6F) and at 48 h, they have disappeared. At that time the
second lobes have considerably enlarged and they are
packed with numerous clusters of lamellocytes (Figs. 6G
and 6H). Within the hematopoietic tissue these are not
linked by septate junctions. Thus following multiple para-
sitization the first lobes release their blood cells into the
hemolymph, and lamellocytes successively differentiate in
all lobes of the lymph gland where they are mass-produced
for several days until the end of larval life.
Histone H3 staining of hemolymph from parasitized
larvae did not provide evidence for lamellocyte mitosis in
the hemolymph (not shown). These cells were never found
in sessile islets of hemocytes, even when they were very
abundant in the circulation.
Wasp parasitization thus triggers the massive differentia-
tion of lamellocytes, partly, if not exclusively, from prohe-
mocytes. The lamellocyte is a key player in the defense
against large invaders that cannot be taken care of by
plasmatocytes alone.
Hemocytes and Lymph Glands in Drosophila
Hematopoiesis Mutants
In the light of our findings on blood cell lineages in
Drosophila, we have briefly reexamined four mutant stocks
known for their severe hematopoietic disorders.
The Black cells (Bc) mutation was reported by Rizki et al.
(1980b) to result in a dominant phenotype of blackening of
crystal cells in hemolymph and the first lobes of lymph
glands and in a recessive phenotype of absence of humoral
melanisation. We have examined by TEM the crystal cells
in the mutant and observed that they undergo blackening
before completing differentiation (not shown). In larvae, we
found that the circulating black crystal cells are mostly
phagocytosed by plasmatocytes; therefore the black inclu-
sions correspond to the presence of whole cells in phago-
somes and not to blackened crystals within crystal cells
(Fig. 7A). When larvae are raised at 25°C, crystal cells are
more abundant than at lower temperatures; they agglomer-
ate to form black masses that are encapsulated by lamello-
cytes (not shown) and subsist in adults. Isolated black cells
are also found within adult phagocytes (Fig. 7B).
In late larvae, circulating blood cells are more abundant
in the mutant than in wild-type and include numerous
lamellocytes (Rizki et al., 1980b). We therefore looked for
lamellocytes in the hematopoietic organ. Second instar
lymph glands already contain some black cells in the first
s of reproduction in any form reserved.
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253Postembryonic Hematopoiesis in Drosophilalobes together with secretory cells. The posterior lobes are
larger than in wild type but contain no lamellocytes,
although this cell type is already present in the hemolymph
(1–5% of circulating cells). During the third instar, all
lymph gland lobes appear oversized and contain many
lamellocytes (not shown). At this stage the abundant circu-
lating lamellocytes encapsulate groups of melanised cells.
In the Bc mutant, we propose that the initial phenotype is
blackening of the procrystal cells. These cells are detected
y the immune system as abnormal self and are either
hagocytosed or encapsulated. The abundance of lamello-
ytes may therefore reflect a general activation of the
ellular immune mechanisms.
The hopTum-l mutation is a dominant gain-of-function
mutation in the JAK tyrosine kinase hopscotch. The phe-
notype includes a spectacular overproliferation of blood
cells with abnormal differentiation into lamellocytes and
formation of melanotic tumors (Hanratty and Dearolf,
1993; Luo et al., 1995). When raised at 25°C, hopTum-l second
instar larvae have abundant (10–15%) lamellocytes in cir-
culation, and in some larvae lamellocytes can be seen in
lymph gland lobes. Melanotic tumors are not yet present.
Very rapidly in the course of the third instar, lamellocyte
numbers increase and by the end of the instar represent
close to 50% of the circulating blood cell population (Fig.
7C). Injection of Indian ink shows that plasmatocytes
frequently exhibit abnormal oversized features (not shown).
Lamellocytes are very abundant in the lymph glands before
pupariation (Fig. 7D). Strikingly, crystal cells are seldom
found in mutant larvae as evidenced by heat treatment,
which indicates that, as proposed by Lebestky et al. (1999),
this gain-of-function hopscotch mutation blocks the differ-
entiation of the crystal cell lineage.
We finally analyzed two mutations affecting the Toll
signaling pathway. Toll10B is a gain-of-function mutation in
the Toll transmembrane receptor (Schneider et al., 1991),
and cactA2/cactD13 is an allelic combination of two loss-of-
FIG. 6. Lamellocytes in Leptopilina boulardi-infested Drosophil
aterials and Methods). Lamellocytes are found in large amounts
A) and encapsulate the parasitoid egg (B). They appear in the lymp
lands from uninfected larvae, they are never seen (C). pl, plasmato
ine also stains pericardial and cardial cells (arrowheads). Bars: 20
(osmium fixed) from a third instar larva 24 h after L. boulardi ovi
second pair of lobes. Arrow: pericardial cell. Bar: 100 mm. (G) Sem
lymph glands, 48 h after Leptopilina oviposition into a second ins
grouped in clusters (arrow) possibly derived from a single stem c
(arrowhead). Bar: 20 mm. (H) Transmission electron micrograph det
extremely thin when sectioned diagonally: they exhibit the typica
are never seen adherent to each other through desmosomes or sept
cells (bc). Bar: 1 mm.
IG. 7. Hematopoietic tissue and hemocytes in mutant larvae
homozygous Bc adult (B), and in a hopTum-l larva (C) 2 h after injectio
a number of them have already ingested black crystal cells (arro
ections through the lymph gland of a hopTum-l larva (D) and of a
arrows). dv, dorsal vessel. Bars: 20 mm.
Copyright © 2001 by Academic Press. All rightunction mutations in the cactus (cact) inhibitor gene (Roth
t al., 1991). Both types of mutations are known to provoke
ematopoietic disorders and formation of circulating mela-
otic tumors (Gertulla et al., 1988; Roth et al., 1991;
emaitre et al., 1995; Qiu et al., 1998). Lamellocytes appear
n circulation in both cases during the second instar and are
bundant in the hemolymph of third instar larvae (5–25%
n Toll10B and 5–50% in cact mutants), where they partici-
pate in the formation of melanotic tumors. The crystal cell
population is not affected by these mutations. The analysis
of lymph glands showed the presence of lamellocytes in
third instar larvae of cact mutants (Fig. 7E), but surprisingly
not of Toll10B mutants.
Whereas lamellocyte differentiation in Bc larvae probably
results from the presence of defective self in the hemo-
lymph (black crystal cells), the abnormal production of
lamellocytes in hopTum-l and in Toll pathway mutants has
een attributed to the disregulation within blood cells of
he signaling pathways that control their proliferation and
ell lineage differentiation (Luo et al., 1995; Qiu et al.,
998).
DISCUSSION
The Larval Lymph Glands
In larvae, the first lobes of the hematopoietic organ
contain increasing numbers of differentiated blood cells,
essentially secretory cells which are only found in the
lymph gland. These first lobes produce proteins including
collagen (Le Parco et al., 1986) and peroxidasin. In addition,
after septic injury (P. Manfruelli and J. Royet, personal
communication), they express a reporter transgene, in
which GFP (green fluorescent protein) is fused to the
antifungal drosomycin gene promoter (Ferrandon et al.,
1998). This shows that the lymph glands can contribute to
the production of antifungal peptide following an immune
vae. (A–E) lacZ expression in lamellocytes in line l(3)06946 (see
culation 15 h after L. boulardi oviposition into Drosophila larvae
d at 10–15 h (D) including the second lobe (E), whereas in control
; la, lamellocyte; arrow, parasitoid egg chorion. The enhancer trap
for A, B, E; 50 mm for C, D. (F) Whole mount of the lymph gland
ion. The first pair of lobes are almost empty. (1) and (2) First and
section through a lobe of the second pair (2) and third pair (3) of
rva. The second lobe is full of lamellocytes which are sometimes
lusters of plasmatocytes or blast cells are also seen in this lobe
lamellocytes from the previous semi-thin section. These cells are
roridges at their cell surface (arrow) and, within the lymph gland,
unctions. Neighboring cells have features of undifferentiated blast
C) Circulating hemocytes in a homozygous Bc larva (A), in a
ndian ink. Plasmatocytes phagocytose ink particles. In Bc mutants,
pl, plasmatocyte; la, lamellocytes. Bars: 10 mm. (D, E) Semi-thin
A2/cactD13 (E) larva. Note the presence of clusters of lamellocytesa lar
in cir
h glan
cyte
mm
posit
i-thin
tar la
ell. C
ail of
l mic
ate j
. (A–
n of I
ws).
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254 Lanot et al.challenge. We therefore propose that the first lobes of the
hematopoietic organ, possibly the secretory cells, partici-
pate in the production of extracellular matrix, and in the
synthesis of defense molecules. It is noteworthy in this
respect that in these lobes, intricate networks of basement
material are often observed, which are absent from the
following lobes. They are sometimes whirled around clus-
ters of identical cells that are possibly derived from a single
stem cell.
Phagocytes, or plasmatocytes, appear in the first lobes
during the third instar and later in the posterior lobes of the
lymph gland. The first lobes of larval lymph glands also
contain, in addition to the abovementioned secretory cells,
crystal cells and prohemocytes. Earlier studies (Bairati,
1964; Shrestha and Gateff, 1982; Rizki and Rizki, 1984) led
to the suggestion that full differentiation of the cells was
only achieved once they were released into the circulation.
On the basis of our ultrastructural observations of plas-
matocytes and crystal cells, the features of cells in circula-
tion and cells within the hematopoietic organ are not
significantly different. In addition, we found that plasmato-
cytes present in the lymph glands are already capable of
phagocytosis as they are found engulfing neighboring cells.
The cells in the lymph gland lobes posterior to the first
pair are mostly undifferentiated. We propose that these
lobes constitute a reservoir of prohemocytes which are used
at critical moments, namely to produce macrophages at
pupariation, lamellocytes after wasp parasitization. At the
onset of metamorphosis, the content of all lymph gland
lobes is rapidly mobilized. The cells acquire strong phago-
cytic capacity and are delivered into the circulation to
eliminate histolysing tissues.
Blood Cells in Circulation and Sessile Islets
Our data are in good agreement with previously pub-
lished descriptions which report the presence of plasmato-
cytes and crystal cells in larval hemolymph. As phagocytes
are seldom found in the lymph glands at early larval stages,
we propose that they directly differentiate in circulation
from prohemocytes. However, we do not confirm that
plasmatocytes differentiate into lamellocytes at puparia-
tion (Rizki and Rizki, 1984). We show that, following the
late larval ecdysone peak, the properties of plasmatocytes
are modified in that they enhance their phagocytic activity.
This is corroborated by the effect of ecdysone treatment of
mbn-2 tumorous blood cells. It stimulates their spreading
on the substrate, increases their general phagocytic activity
(toward their kin and toward yeast cells), and the immune
inducibility of the cultured cells (Gateff et al., 1980; Dima-
rcq et al., 1997). The morphological evolution of plasmato-
cytes as they modify their adhesion properties may explain
why earlier authors proposed that plasmatocytes differenti-
ate into lamellocytes via an intermediate form, the so-
called podocyte (Rizki, 1957, 1962; Shrestha and Gateff,
1982; Rizki and Rizki, 1984).In normal conditions, the vast majority of circulating
Copyright © 2001 by Academic Press. All rightlood cells in larvae are phagocytes/plasmatocytes. Similar
ells constitute the totality of the adult hemocyte popula-
ion. We showed that crystal cells are only present until the
nd of larval stages. As humoral melanisation occurs in
upae and in adults as well as in larvae, it is intriguing why
particular cell type devoted to melanisation should exist
nly in embryos and larvae. It must also be kept in mind
hat in domino mutant larvae, in which very few blood cells
are found in circulation (Braun et al., 1998), melanisation
can still occur, although reduced to 50% of wild-type
activity. This raises the question of the real role of crystal
cells in Drosophila larvae and of the origin of the melani-
sation cascade components.
The origin of sessile islets of hemocytes is not known.
They exhibit segmental localisations in larvae. Their blood
cell population is strictly superimposable to that in circu-
lation except for lamellocytes. It is thus not clear whether
these islets result from the division of prohemocytes that
were already present at the end of embryogenesis, or if they
form later by the homing of circulating hemocytes to these
precise locations during the larval stages. Similar islets
located posteriorly along the dorsal vessel and having a role
in hematopoiesis have been described in large fly species
(Calliphora, Musca) which do not possess a specific hema-
topoietic structure comparable to Drosophila lymph glands
(Arvy, 1953; Crossley, 1964; Zachary and Hoffmann, 1973).
In Drosophila, blood cell division clearly occurs in circu-
lation and in sessile islets as well as in the hematopoietic
organ. We have not observed mitosis in crystal cells or in
lamellocytes, which is consistent with previous reports
(Rizki, 1978). This leaves the possibility that cell division
takes place in undifferentiated blast cells, in plasmatocytes,
or in both.
The Lamellocyte
We find that under nonimmune conditions lamellocytes
seldom appear in the hemolymph of Drosophila. They
differentiate massively after a specific immune challenge
such as infestation by parasitic wasp, or concomittant with
melanotic tumor formation. In addition, lamellocytes are
never found in pupae or in adults. It thus appears that the
lamellocyte is restricted to the larval stage. Its role is to
wrap around the invader or abnormal self to insulate it from
the rest of the organism. The association of wrapping and
melanisation ensures efficient killing of parasites, possibly
by the local production of cytotoxic free radicals (Nappi and
Vass, 1993).
The initial recognition of the intruder is ensured by the
plasmatocytes which are responsible for the immune sur-
veillance in Drosophila larvae. Upon massive release from
the first lobes, they rapidly attach to the chorion of the
wasp egg and, a few hours later, lamellocytes appear in the
hemolymph. Although it is likely that some differentiate
from circulating cells (prohemocytes?), it is clear that large
numbers of lamellocytes directly differentiate from lymph
gland first lobe cells and from the undifferentiated blast
s of reproduction in any form reserved.
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production of lamellocytes by the hematopoietic organ in
Drosophila. It occurs in wild-type flies after wasp infection,
but we also found lamellocytes in the lymph glands of
mutant stocks previously known to exhibit high amounts
of lamellocytes in the hemolymph.
The succession of cellular events following wasp parasiti-
zation of Drosophila larvae suggests that at some point a
circulating signal must be emitted by activated plasmato-
cytes to induce the differentiation of a new cell type in the
hematopoietic organ. We speculate that a cytokine- and/or
growth factor-related molecule is responsible for the pro-
cess. The identification of such factors is one of the chal-
lenges in the analysis of Drosophila hematopoiesis.
Blood Cell Lineages in Postembryonic
Development
These studies provide information on the site of postem-
bryonic hematopoiesis in Drosophila. Histone H3 staining
showed that blood cell division occurs at comparable levels
inside and outside the lymph glands in late larvae. In adults
where no hematopoietic organs have been identified, it is
likely that circulating hemocyte proliferation is responsible
for the totality of the hemocyte production, although we
were not able to detect mitosis in adult hemocytes. It is
possible that proliferation is very low at this stage.
It is clear that in larvae the lymph glands play a pivotal
role in hematopoiesis as (i) all cell types found in the
circulation can be identified there, and as (ii) the lobes
containing undifferentiated blast cells are dramatically ac-
tivated by wasp parasitization and at pupariation, i.e., when
a considerable increase in the circulating blood cell popu-
lation is required. We propose that a pluripotent “stem cell”
population, comparable to that of the mammalian bone
marrow, is located mainly in the posterior lobes of the
lymph glands, and that it can produce all blood cell types
when required. Obviously, we cannot rule out at this point
that there are different stem cell populations which we are
not able to distinguish yet with the available tools. We
propose a revised model for the establishment of cell
lineages during Drosophila hematopoiesis (Fig. 8), which
differs in some aspects from that of Rizki and Rizki (1984).
In our model, cell proliferation occurs predominantly in
undifferentiated prohemocytes, either in the lymph glands
or in circulation. The cells then undergo differentiation into
secretory cells, plasmatocytes, crystal cells, or into lamel-
locytes. The picture thus appears more complex than that
described for embryonic hematopoiesis, where only two
hemocyte lineages are found that are specified by the
transcription factors gcm (glial cell missing, Bernardoni et
al., 1997; Lebestky et al., 2000) for plasmatocytes, and
lozenge (Lebestly et al., 2000) for crystal cells, both operat-
ing downstream of the GATA factor serpent. We propose
that in larvae the secretory cells and the phagocytic plas-
matocytes are variants of the same lineage, as intermediate n
Copyright © 2001 by Academic Press. All rightorms can be observed in the hematopoietic organ. The use
f the enhancer trap lamellocyte marker showed that this
ell type only differentiates under given immune circum-
tances. It corresponds to an exclusively larval blood cell
ype, absent in embryonic and adult stages. The plasmato-
yte population further differentiates into a strongly phago-
ytic macrophage at metamorphosis. This cell lineage can
e correlated to the mammalian myeloid/monocyte lineage
hich produces macrophages. Interestingly, no equivalent
f the polymorphonuclear leukocytes/granulocyte lineage
xists in Drosophila, nor in the other higher dipteran
pecies that have been investigated (Zachary and Hoff-
ann, 1973). This is a peculiarity of Dipterans as all other
nsect orders possess a granulocyte-equivalent blood cell
ineage, where hemocyte granules contain defense mol-
cules ready to be released upon immune challenge (review
n Ratcliffe and Rowley, 1979). It is possible that in Dro-
ophila, and in other Dipterans, the humoral antimicrobial
esponse of the fat body is extremely potent and ensures
ufficient defense against infection. Blood cells are thus
ssentially required to participate in metamorphosis, and if
FIG. 8. Proposed model for the differentiation of the various blood
cells types in Drosophila larvae. Four blood cell types are identi-
fied, which differentiate from a pool of stem cells: secretory cells,
plasmatocytes, crystal cells, and lamellocytes. All steps shown in
the figure can take place both in the hematopoietic organ and in
circulation, with the exception of the differentiation into secretory
cells which occurs only in the lymph gland. We propose that this
cell type and the phagocytic plasmatocyte correspond to two forms
of a common cell lineage.ecessary, to cope with injury or to fight off parasites.
s of reproduction in any form reserved.
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